Comparisons of perceived barriers to adherence in pediatric and adolescent solid organ transplantation(SOT) have not been systematically conducted despite association between medication non-adherence and poor outcome.
Introduction
Medication non-adherence has been associated with poor outcomes after pediatric and adult solid organ transplantation (SOT). Investigators have reported overall non-adherence to post-SOT treatment regimens ranging from 5-70% in pediatric patients, indicating the difficulty of generalization associated with single-center studies using variable markers for nonadherence [1] [2] [3] [4] . Simons et al. have reported non-adherence to be approximately ~ 50-55% in pediatric patients compared to ~65% in adolescent recipients, and other studies have confirmed increased non-adherence in adolescent populations [2, 5] . However, differences in perceived barriers to adherence between pediatric and adolescent patients have not been evaluated in large-scale studies involving multiple solid organ transplant groups.
Medication non-adherence results from various barriers that are often difficult to discern, especially in complex patients with chronic medical illness. The barriers to medication adherence have included demographic, disease factors, child/family variables and healthcare system factors. In SOT recipients, neurodevelopmental and psychosocial factors are important constructs related to the ability to adhere to their recommended treatment regimens [6] [7] [8] . Studies report that psychosocial factors exhibit the strongest relationship with non-adherence compared to other factors recorded [3, 9, 10] .
Studies of medication non-adherence in pediatric transplant recipients suffer from several limitations. Early studies demonstrated that self-reporting from physician, caregivers and patients were poor correlates of adherence [11] . Additionally, limited sample sizes and variability in treatment regimens hinder the generalizability of the results to larger pediatric transplant population. In the past several years questionnaires that measure perceived barriers to adherence have been developed as a surrogate measure of adherence. These instruments can be administered quickly and efficiently in the outpatient setting and have been validated by comparing them to objective measures of adherence including pill counts, medication event monitoring systems (MEMS®) and serum drug levels [2, 12, 13] . We employed these surrogate adherence measures to evaluate perceived barriers to adherence in a large cross-sectional sample of pediatric and adolescent SOT recipients postulating that guardians of older recipients would report more perceived barriers than guardians of younger recipients. In addition to comparing responses between guardians of younger and older SOT recipients, we hypothesized that older recipients would report similar perceived barriers to their guardians.
Methods
After institutional review board approval at each site, 15 centers in the United States participating in the Clinical Trials in Organ Transplantation in Children (CTOT-C) serially enrolled 502 first-time SOT recipients during outpatient clinic visits after hospital discharge in a cross-sectional study; however only subjects over 5 years of age are included in this analysis ( Figure 1 ). Recipients less than one month post-transplant or who did not take an immunosuppressive drug were also excluded. Parent Medication Barriers Scale (PMBS) and Adolescent Medication Barriers Scale (AMBS) were developed and evaluated in the context of adherence in pediatric solid organ transplantation with the AMBS being developed in 11-21 years old [2, 13] . The PMBS consists of a 16-item questionnaire which is parallel to the structure of the 17-item AMBS. Each item reports the response on a Likert scale (1= strongly disagree to 5=strongly agree), with high ratings indicating greater perceived barriers. The PMBS was completed by a guardian along with demographic and socioeconomic information including a Hollingshead SES scale [14] . In addition, the Brief Medication Questionnaire (BMQ), which consists of four binary subscores that are summed to create total number of barriers, was completed [15] . Higher BMQ scores reflect more potential adherence barriers. The AMBS was completed by children 8 years of age and older without significant developmental delay who were capable of independently completing the tool. AMBS and PMBS were completed independently in the outpatient clinic area without intervention from the research coordinator, while the BMQ was administered by the research coordinator. Comparisons between pre-adolescent (ages 8-11) and adolescent (ages 12-21) patients were chosen based on the development of the AMBS tool [2] as well as data regarding age-associated graft failure rates in adolescents [16] . A single result of an immunosuppressive blood level was collected around the time of the questionnaire for comparison to perceived barriers reported. This was not intended to directly measure adherence.
Observed age differences on any measure can result from two possibilities. The first is that real age differences exist and the second is that the measure is not evaluating the same construct in each age group. To exclude the latter, we conducted measurement equivalence analyses (Supplemental Methods). The analyses revealed a three-factor structure for the measures that was used throughout our analysis, and a parallel AMBS factor structure was created from the overlapping items. As each PMBS and AMBS factor had different number of items, the factors were analyzed as item means.
The primary analyses compared younger and older patients on each PMBS factor using linear regression models with multiple imputation: unadjusted models included only age group as the dependent variable, and propensity-score adjusted analyses included age group and a propensity score for age group as dependent variables [18, 19, 20] . The differences between older recipients and guardian perceptions of barriers to adherence were assessed by performing paired t-tests on the participants' PMBS and AMBS factor scores, calculated on shared items only; consistency between the matched PMBS and AMBS factor scores was assessed using intraclass correlation coefficients (random rater model [2, 1] ) [17, 18] . Secondary analyses assessed the interaction between age group and transplant type, and between age group and insurance type, on PMBS and AMBS factors using linear regression models. Other univariable analyses were performed using correlations, ANOVA, two-sample t-tests, Wilcoxon rank sum tests, Chi-square tests, and Fisher's exact tests as appropriate.
Statistical analyses were performed using SPSS 20 (Chicago, IL), MPlus 5.2 (Los Angeles, CA), SAS 9.4 (Cary, NC), and R 3.0.0 (Vienna, Austria). All tests were two-tailed and performed at a significance level of 0.05. Additional details of the statistical analyses are provided in the Supplemental Methods
Results

Demographics
Three hundred sixty-eight subjects or their guardians completed the PMBS or AMBS or both, and demographic information. Of these, 107 subjects were 6-11 years while 261 were 12 years or older (Table 1, Figure 1 ). The younger group had significantly lower mean age at transplant, higher mean Hollingshead SES score, higher primary guardian education level, and were more likely to be of non-Hispanic white ethnicity and race. In addition, the older subjects had more kidney recipients (61%) but fewer liver (11%) and heart (17%) recipients compared to the younger group (40% kidney and 22% liver, and 27% heart). Similar proportions in each group had received a lung transplant (10% each group). No statistically significant differences between the groups were appreciated for gender or insurance status.
Guardians of older subjects report increased perceived barriers
Of the 368 subjects whose guardians completed the PMBS, 107 subjects were 6-11 years old while 213 were 12 years or older. With exploratory factor analysis, PMBS questions mapped to three primary factors (medication scheduling, ingestion problems/ side effects, and medication or disease frustration) which were similar to those identified previously [2] (Supplemental Table 1 ). Guardians of older recipients reported significantly greater perceived barriers to adherence than did guardians of younger subjects ( Figure 2 ). Both unadjusted and propensity-adjusted analyses indicated more substantial differences in the medication scheduling and medication/diseases frustration domains of approximately onethird to one-half point on a five-point scale (p<0.05, Table 2 ). Additional propensityadjusted analyses revealed no significant interactions between organ type and age group for PMBS barrier factors; however, guardians of older patients with Medicaid reported increased perceived barriers to medication scheduling and ingestion problems/side effect compared to guardians of younger Medicaid patients; this was not true of patients with non-Medicaid insurance. Older age at transplant was associated with guardian-reported increased perceived barriers to adherence for ingestion problems and medication/disease frustration by the PMBS with correlation coefficients ranging from 0.14 to 0.20 (p<=0.01 for each, Supplemental Table 2 ).
AMBS reporting in pre-adolescents and adolescents
The AMBS was completed independently by 287 subjects including 33 pre-adolescents (8-11 years) and 254 adolescents (12 years and older). Among patients who completed the AMBS, kidney recipients (N=171, 60%) dominated the older cohort with heart (N= 49, 17%), liver (N=38, 13%), lung (N=28, 10%), and heart-lung (N=1) making up the remainder. Pre-adolescent and adolescent scores were not statistically different for any of three factors, and there were no significant interactions between age group and organ or insurance for any AMBS factor (p>0.05 for main and interaction effects; linear regression models).
Guardians report fewer ingestion issues/side effects compared to pre-adolescents and adolescents
A comparison between PMBS and the AMBS was performed to assess comparability of the organ recipients and guardians perceptions of barriers to adherence. Thirty-three subjects 8 to 11 years old (mean 10.9) and 206 subjects 12 to 21 years old (mean 15.9, Table 3 ), had paired PMBS/AMBS available. The consistency between the matching PMBS and AMBS factors was only moderate, with intraclass correlation coefficients ranging from 0.40 to 0.47. Guardians reported significantly fewer ingestion issues/side effects compared to AMBS scores obtained from the pre-adolescent/adolescent subjects (p=0.018); paired t-test. These differences were primarily driven by the response to two questions that reflected difficulty swallowing the medication and medication taste. Pre-adolescent responders reported increased perceived barrier for the number of pills ingested, but not medication taste, compared to their guardians' reports (Table 4 ). However, the scores for medication scheduling and medication/disease frustrations showed similar levels of perceived barriers reported on the PMBS by guardians and AMBS by subjects (p=0.87 and 0.45, respectively; paired t-test). Interestingly, within age groups, responders aged 8-11 and their guardians differed significantly on medication scheduling (p=0.025; paired t-test) and medication/ disease frustrations (p=0.019; paired t-test), while there were no significant differences between responders aged 12 and over and their guardians (p>0.05 for each; paired t-test).
Association between perceived barriers and tacrolimus levels
Fluctuations in the standard deviation of tacrolimus levels over time have been associated with non-adherence in liver, kidney and heart recipients [11, 19, 20] . However, only one tacrolimus level was available in this cross-sectional survey to assess for associations with perceived barriers to adherence. Using the single result recorded around the time of study participation, tacrolimus levels that were more than 50% below the lower threshold targeted by the primary center for that individual were not associated with perceived barriers as reported by either guardians (PMBS) or subjects (AMBS) (data not shown).
BMQ only weakly correlated to PMBS/AMBS
BMQ responses were not clearly correlated to the perceived barriers identified in the PMBS and AMBS responses. The composite BMQ scale had only a weak correlation (Spearman rank correlation coefficients 0.09-0.24) to perceived barriers reported in the PMBS and AMBS with age group-specific Spearman rank correlations ranging from 0.08-0.33.
Further, subset evaluation of the 4 BMQ reporting components (adherence, belief, access, and recall) compared to the factors identified in the PMBS and AMBS were investigated (data not shown). In both the AMBS and PMBS, the BMQ adherence sub-scale was not associated with an increase in perceived barriers in medication ingestion present on the AMBS/PMBS, while the BMQ belief sub-scale did not register medication scheduling barriers on the AMBS. The BMQ recall sub-scale was not associated with any PMBS and AMBS factors. Only the BMQ access screen was significantly associated with all three AMBS factors and two of the three PMBS factors (with a marginally significant association with the third PMBS factor, medication and disease frustration).
Prediction of perceived barriers based on Hollingshead SES
Finally, correlations were assessed between perceived barriers as reported in the PMBS and AMBS and socioeconomic status as reported in the Hollingshead SES score. Pearson correlation coefficients were very weak, ranging from −0.04 to 0.08, and not statistically significant between the Hollingshead SES score and either the PMBS or AMBS factors, indicating that socioeconomic status as assessed in this study did not reliably predict the perceived barriers reported.
DISCUSSION
Progress continues to be made in the ability of transplant teams to assess for medication non-adherence in pediatric transplant recipients. Advances in the identification of nonadherence through objective measures including standard deviation of immunosuppressive levels are more frequently and consistently employed providing medical providers with an opportunity to intervene [12, 15, 16] . However, investigation into perceived barriers to adherence has been limited and a thorough understanding of these factors is lacking. The use of simple questionnaires to assess these barriers could provide novel targets for exploration and a route to treat (perhaps even prevent) non-adherence if active monitoring is employed.
In this study, we sought to examine perceived barriers to adherence from both guardian and patient perspectives bringing into the forefront the factors that are of particular importance among pediatric transplant recipients. Previous research in this area has been primarily carried out within one organ group, most commonly kidney transplant patients, in single centers and with small samples [2, 12] . In this study we sought to obtain a broader sample of solid organ transplant patients from multiple centers using an easy to administer set of questionnaires. Our intent was to explore potential differences by age and organ type, and allow for broader generalizability and potential incorporation into clinical practice in the future.
We found that perceived barriers were more frequently reported by guardians of older recipients compared to guardians of younger transplant recipients, predominantly in the areas of medication scheduling and medication/disease frustration. Medication scheduling and medication/disease frustration have been similarly endorsed as significant perceived barriers by guardians [21] . Interestingly, guardians appeared to report fewer perceived barriers to ingestion/side effects compared to the patients themselves. This difference was even more striking in the pre-adolescent participants aged 8-11 who completed the AMBS perhaps indicating limited understanding in this age group. Notably, there were fewer preadolescent than adolescent participants. However, this difference could alternatively point toward a disconnect between the child's experience and the guardian's assessment of perceived barriers. Potential reasons for these differences may indicate increased communication challenges within the [8] [9] [10] [11] year age group such that younger children find it difficult to discuss their experience effectively with their guardians and/or are unaware that guardians would be interested in these concerns. Family functioning including poor family cohesion and lack of supervision has been associated with nonadherence [22] [3] . Among other factors, developmental level of the child, family environment, communication patterns within the family, psychosocial functioning of the child and guardian, and open discussion regarding medical management and day-to-day medical care could potentially impact the ability of patients to communicate with their guardians about medication specific issues.
Previously identified demographic factors that have been associated with adherence itself such as gender were not significantly associated with perceived barriers to adherence in this cohort [1] . Hollingshead SES scores specifically were not associated with reports of perceived barriers. It suggests that financial status does not easily map to perceived barriers of adherence and that perceived barriers can be very similar regardless of availability of financial resources. Given that most of the reported barriers were associated with scheduling and medication ingestion it seems appropriate that SES would not be differentially associated with these issues.
The lack of association between perceived barriers to adherence reported in the AMBS/ PMBS and a single blood level of the primary immunosuppressant likely demonstrates the limitation of the adherence measure that was captured as a snapshot in this cross-sectional study design; additionally, missing data on this metric limits its usefulness. In this cohort, we could not assess for fluctuations in the standard deviation of immunosuppressive levels that have been previously associated with non-adherence in pediatric kidney, liver and heart transplant recipients. We did, however, adjust for differing target levels by organ and time since transplant by collecting the targeted range for each individual level collected and using this to benchmark the single immunosuppressive level. Although this is a clear limitation of the study, it provides an opportunity to explore the evolution of perceived barriers from being identified to their direct effect on medication management.
Additional limitations of this study include its cross-sectional single snapshot design, which may be influenced by acute or recent events that could under or overestimate barrier reporting. A longitudinal evaluation of perceived barriers in a subset of these patients is in process to address this issue. A recent study reported that specific barriers in adolescents and young adults remained fairly stable over the 18 months between assessments [21] . Since the subjects included were at a broad range of different time points post-transplant in crosssection, the degree of acuity versus chronicity of disease may have been different for each subject and was difficult to assess. Chronicity of disease and type of transplanted organ may also impact medication regimen complexity; the lack of information available in this regard could be considered as an additional limitation. Liver transplant recipients dominated in the younger age subgroup and the study group had relatively few lung transplant recipients overall. We did not collect demographic information on those who declined to participate. The study results may therefore not be completely generalizable, but it does reflect the largest cohort of pediatric solid organ transplant recipients evaluated to date. In addition, the subjects were enrolled at 15 different CTOT-C centers representing a broad range of social experiences; however all testing was completed in the outpatient area with the AMBS/PMBS being completed independently from a medical care provider for consistency. While the study may not be generalizable to cohorts outside of the United States, the increase in perceived barriers for guardians of older subjects was maintained across organ types indicating similarities that are unrelated to organ type or underlying etiology for transplantation.
Overall, our findings provide a window into the patient and caregivers' perceived barriers to medication management in the post-transplant period. Our study suggests that perceived barriers to adherence can be readily and effectively assessed through relatively simple and direct means in the outpatient setting with minimal additional time required from the patients and their families. A thorough understanding of perceived barriers to adherence can provide an avenue for intervention and improvement of the pediatric patient experience. Based on our findings, the perspective of both patients and their guardians is necessary as perspectives differ and caregivers may not always have a clear sense of the experience of the adolescent or pre-adolescent. As adolescents prepare for transition, unspoken or unknown barriers to adherence pose a significant threat to effective medication management. Barriers increase the challenges that guardians and medical providers experience in helping pediatric patients manage medical care and may undermine efforts to transition patients from pediatric to adult care if not effectively identified. In addition, perceived barriers could potentially escalate over time if not readily identified by the medical team. This could lead to increased frustration in patients and guardians as they try to navigate the "familial transition" of care from the parent to the child. Insight into the challenges faced by patients and caregivers can help focus efforts to ease the burden of medical management on families. For example, providers could address scheduling challenges by discussing alternatives with families, discussing single dosing (if feasible), and/or providing suggestions that would ease the burden. Providers could also point families toward appropriate support services such as adherence experts or mental health professionals who could work with families on swallowing medication or anticipatory anxiety before taking multiple medications.
Based on our findings we suggest that easily administered, brief screening measures can be utilized to assess perceived barriers among patients and guardians. Early identification of issues and provision of support/intervention could improve adherence, ease medication management, and potentially improve quality of life among pediatric and adolescent transplant patients and families.
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Ingestion Problems and Side Effects Factor
* Data not available for all subjects. Missing values: Has too many side effects=2, Don't like what it does to my appearance=1, Medicine tastes bad=4, Too many pills to take=2, Don't want others to notice=5.
p-values are from paired t-tests of the hypotheses that there is no difference between PMBS and AMBS item scores within each patient.
